Chondroitin sulfate proteoglycans (CSPGs) are important structural components of connective tissues in essentially all metazoan organisms. In vertebrates, CSPGs are involved also in more specialized processes such as neurogenesis and growth factor signaling. In invertebrates, however, knowledge of CSPGs core proteins and proteoglycan-related functions is relatively limited, even for Caenorhabditis elegans. This nematode produces large amounts of non-sulfated chondroitin in addition to low-sulfated chondroitin sulfate chains. So far, only nine core proteins (CPGs) have been identified, some of which have been shown to be involved in extracellular matrix formation. We recently introduced a protocol to characterize proteoglycan core proteins by identifying CS-glycopeptides with a combination of biochemical enrichment, enzymatic digestion, and nanoscale liquid chromatography MS/MS analysis. Here, we have used this protocol to map the chondroitin glycoproteome in C. elegans, resulting in the identification of 15 novel CPG proteins in addition to the nine previously established. Three of the newly identified CPGs displayed homology to vertebrate proteins. Bioinformatics analysis of the primary protein sequences revealed that the CPG proteins altogether contained 19 unique functional domains, including Kunitz and endostatin domains, suggesting direct involvement in protease inhibition and axonal migration, respectively. The analysis of the core protein domain organization revealed that all chondroitin attachment sites are located in unstructured regions. Our results suggest that CPGs display a much greater functional and structural heterogeneity than previously appreciated and indicate that specialized proteoglycan-mediated functions evolved early in metazoan evolution. . 2 The abbreviations used are: CSPG, chondroitin sulfate proteoglycan; nLC, nano-scale liquid chromatography; HS, heparan sulfate.
Humans express at least 50 chondroitin sulfate proteoglycans (CSPGs), 2 each unique by structural differences in the amino acid sequence of the core proteins (1) (2) (3) . CSPGs are important components in cartilage and other connective tissues, where they interact with fibrous proteins to provide a hydrated matrix that resists compressive forces. Apart from this role as a structural component, CSPGs also contribute to more specialized functions such as angiogenesis and neurogenesis (4, 5) . Certain CSPGs, such as neurocan, are essential for neural differentiation and act as inhibitory cues for axonal outgrowth (6) . Moreover, CSPGs are essential for storage and secretion of bioactive components such as proteases and prohormones (1, 7, 8) . However, information on CSPG core protein primary structure and proteoglycan-related functions is limited and very few such studies have been performed even for the otherwise well-studied nematode C. elegans.
The chondroitin sulfate biosynthesis typically commences in the endoplasmic reticulum/Golgi compartments with the enzymatic transfer of a ␤-linked xylose (Xyl) to specific serine (Ser) residues of the core protein sequence (9, 10) . The assembly continues with the enzymatic addition of two galactoses (Gal) and one glucuronic acid (GlcA) residue, completing the formation of a characteristic tetrasaccharide linkage region (GlcA␤3Gal␤3Gal␤4Xyl␤1Ser). The polymerization continues through the enzymatic addition of alternating units of GlcA and N-acetylgalactosamine (GalNAc) (11) . In vertebrates, the polysaccharides undergo extensive modification by chondroitin-specific epimerases and sulfotransferases. The epimerases convert a subset of GlcA to iduronic acid (IdoA) and sulfotransferases add sulfate groups at various positions of the GlcA and GalNAc residues, generating glycosaminoglycans (GAGs) with considerable structural complexity (12) . Caenorhabditis elegans seems to lack chondroitin-specific epimerases and so far only a single sulfotransferase has been identified (catalyzing GalNAc 4-O-sulfation) (13, 14) . However, the presence of both 4-O-and 6-O-sulfated GalNAc residues in C. elegans CS indicates that at least one additional sulfotransferase is expressed by the worms (13) .
The importance of chondroitin in C. elegans has been demonstrated by studying structural mutations, affecting genes required for chondroitin biosynthesis, which result in developmental abnormalities such as impaired vulval morphogenesis and altered neuronal migration (15) (16) (17) . However, information on the core proteins involved in such processes is often scarce and so far only nine chondroitin core proteins have been iden-tified in C. elegans (CPG-1 to CPG-9) (3). Moreover, analyses of their amino acid sequence indicated that these core proteins only contain two types of functional domains, peritrophin-A chitin-binding domains in CPG-1 and CPG-2 and C-type lectin domains in CPG-5 and CPG-6 (3) . Although the chitin-binding domains of CPG-1/CPG-2 are important for the assembly of the egg shell layer in the growing embryo (18) , the role of C-type lectin domains on CPG-5 and CPG-6 is not yet determined. Given that vertebrate CSPGs display a wide range of functional diversity, it is likely that additional CPG core proteins may be present in C. elegans containing functional domains that are not only related to extracellular matrix formation, but also to accommodate more specialized functions. We argued that information on chondroitin chain attachment sites and core protein identities may be of great value to further delineate chondroitin-mediated functions in C. elegans.
We recently introduced a method to characterize CSPGs from human tissue fluids using a combination of anion-exchange chromatography for enrichment, enzymatic digestion for reduction of the length of the CS chains, and subsequently nLC-MS/MS for structural characterization of CS glycopeptides and core proteins (1) . This protocol enabled site-specific identification of both novel and established core proteins and revealed prohormones as a novel class of vertebrate proteoglycans (1) . In the present work we set out to map the chondroitin glycoproteome in C. elegans, through analysis of the data using SweetNET, a recently developed bioinformatics software for glycopeptide MS/MS spectral analysis (2) . Our approach resulted in the identification of the nine previously established CPG core proteins as well as 15 novel CPG core proteins, three of which displayed homology to vertebrate proteins. Bioinformatics analysis of the primary protein sequences revealed that the core proteins contained 19 unique functional domains, including calcium-binding EGF domains, immunoglobulin domains, and Kunitz domains. This suggests that CPGs display a much greater functional and structural heterogeneity than previously appreciated and indicates that specialized proteoglycan-mediated functions evolved early in metazoan evolution. Collectively, these data may assist in the efforts of finding and elucidating novel functional roles of proteoglycans both in C. elegans and in vertebrates.
Results

Identification of 15 novel chondroitin core proteins in C. elegans
We set out to map the chondroitin glycoproteome in C. elegans using our recently developed glycoproteomic approach that identifies chondroitin/CS attachment sites and provides identities of the core proteins (1) . C. elegans samples were collected from a population of a strain lacking two heparan sulfate sulfotransferases (hst-6 and hst-2) and the material was solubilized by consecutive passages through hypodermic needles with decreasing diameters. To obtain defined chondroitin glycopeptides suitable for structural analysis, the sample was incubated with trypsin and passed over an anion exchange column that had been equilibrated with a low-salt buffer (0.2 M NaCl). This procedure enriches chondroitin glycopeptides as the positively charged matrix retains anionic polysaccharides and their attached peptides, whereas neutral or positively charged peptides flow through the column. The bound structures were eluted stepwise with three buffers of increasing sodium chloride concentrations (0.4, 0.8, and 1.5 M NaCl) and the three fractions were collected and desalted. The fractions were treated with chondroitinase ABC to reduce the complexity of the chondroitin chains that generate free disaccharides and a residual hexasaccharide structure still attached to the core protein. The residual hexasaccharide is composed of the linkage region and a ⌬GlcA-GalNAc disaccharide, dehydrated on the hexuronic acid to form ⌬hexuronic acid (⌬HexA) (1, 19) . The chondroitinasetreated fractions were analyzed with positive mode nLC-MS/MS at normalized collision energy levels set to generate abundant peptide, as well as glycosidic fragmentations, necessary for glycopeptide identification (2) . The general workflow for the glycopeptide enrichment, MS/MS analysis, and the subsequent SweetNET-assisted analysis is illustrated in Fig. 1 . In total, six data files from two different preparations were generated. As MS2-fragmentation of chondroitin glycopeptides is expected to generate prominent oxonium ions at m/z 362.1, corresponding to the terminal dehydrated disaccharide structure [⌬HexAGalNAc] ϩ , all spectra collected were screened for the presence of the m/z 362.1 ion (m/z range 362.10 -362.11). Spectra lacking this diagnostic ion were dismissed and the filtered data set was then used for molecular networking and database annotation. A single molecular network was generated and initial Mascot database searches were performed to identify chondroitin-substituted peptides (see "Experimental procedures"). The output data were integrated with the Sweet-NET platform to annotate the network with glycopeptide information. Furthermore, the distribution of precursor ion m/z ⌬ shifts between nodes of the network identified the presence of chemical artifacts, such as carbamidomethyl derivatization (ϩ57 Da) and ammonium ion adducts (ϩ17 Da). Additionally, typical m/z ⌬ shift of 203 Da, corresponding to HexNAc residues, were also identified. The networks were then iteratively propagated based on these observed m/z ⌬ shifts. All generated hits were validated and interpreted with regard to peptide sequence, glycan structure, and precursor mass (Table S1 ).
The SweetNET analysis provided annotation of several clusters in the network that corresponded to 17 different CPGs, together with seven additional CPGs that did not generate any clusters but were identified based on a single glycopeptide precursor mass for each of the core proteins (Table S1 ). In total, our protocol identified all the previously established core proteins (CPG-1 to CPG-9) as well as 15 novel core proteins, which were designated CPG-10 to CPG-24. Some of the novel core proteins have previously been assigned names based on sequence similarities to vertebrate proteins, such as CPG-16/ FiBrilliN homolog and CPG-17/Papilin, whereas others, such as CPG-22/Protein T10E9.3, are annotated in UniProt based only on the open reading frame (ORF) name. Two chondroitin glycopeptides derived from separate parts of the proteins were identified in five of the CPGs (CPG-1, CPG-8, CPG-9, CPG-12, and CPG-22). A representative MS2 spectrum of a novel CPG (CPG-17/Papilin) is shown in Fig. 2A . As expected from the filtration procedure, a prominent oxonium ion at m/z 362.1 was observed corresponding to the terminal disaccharide fragment ion [⌬HexAGalNAc] ϩ . Furthermore, several y-and b-ions were observed that enabled Mascot identification of the peptide sequence. Pie charts based on spectral counts of annotated MS2 scans were used to assess the abundance of each CPG (Fig. 2B) . A large proportion of the annotated spectra were related to, CPG-8 (13%), CPG-9 (65%), CPG-13/Dauer up-regulated protein (6%), and CPG-15/LiPocalin (4%) ( Fig. 2B, left) . The remaining CPGs accounted for only 12% of the total annotated spectra and several of the novel CPGs constituted 0.2-0.3% of the total CPG count ( Fig. 2B, right) . Of note, CPG-17/Papilin, which displayed distinctive glycopeptide fragmentation, as shown in Fig. 2A , constituted only about 0.3% of the total CPG count. Furthermore, to assess the variability of the relative abundance of each CPG in the two preparations, we compared the spectral counts of annotated CPGs in each of the two preparations ( Fig. 2 , C and D). Although some variation in relative abundance was observed for certain CPGs (e.g. CPG-5), the majority of the core proteins were found at a very similar level in the two preparations. Moreover, of the 24 identified CPGs, 21 CPGs were found in both sample preparations: only CPG-2 and CPG-14 were unique for preparation 1 (gray bars), whereas CPG-20 was unique for preparation 2 (white bars) ( Fig. 2D ).
Characteristics of the novel CPGs
Some of the CPGs now identified have previously been the focus for functional studies and are therefore relatively wellcharacterized. CPG-17/Papilin is a basement membrane component essential for embryonic development (20) and the CPG-16/FiBrilliN homolog is required for the structural integrity of the nematode epidermal layer (21) . However, other CPGs have only been predicted based on their ORF gene, and no previous experimental or translational data exist. Thus, bioinformatics analysis was employed to gain insights into the domain architecture of each CPG. Initial searches against the Pfam database resulted in the identification of 19 unique domains, distributed over 15 different core proteins (Table S2 ). We then compared the nematode functional domains with the functional domains present in human CSPGs. For this purpose we used our previously identified CSPGs in human tissue fluids, which were identified using the same protocol (1, 2) . Pfam searches of 28 human CSPGs provided 40 unique functional domains (Table S3 ). Of all 50 domain structures identified, 31 were uniquely found in human CSPGs, 10 uniquely found in C. elegans CPGs, and 9 found in both species (Fig. 3A ). Well-known domains, such as the collagen domain and the Kunitz domain, were found in both species (Fig. 3B , dark gray bars), whereas other domains, such as the chitin-binding peritrophin-A domain and dopamine ␤-monooxygenase domain (DOMON), were only found in the nematode (Fig. 3B , light gray bars). Furthermore, nine nematode core proteins did not retrieve any hits within the Pfam database but displayed only low complexity or disordered domains ( Fig. 3B, white bars) .
A complete list of the CPGs identified, including the tryptic peptide sequences identified, the functional domains, and the predicted molecular masses is shown in Table S2 . The Pfam analysis indicated that CPG-11/COLlagen contains both a collagen domain and cuticle collagen domain, suggesting its involvement in extracellular matrix formation. Kunitz domains, identified in, e.g. CPG-17/Papilin, typically acting as protease inhibitors are present also in core proteins of human CSPGs, bikunin being one example (22) . Moreover, the analysis showed that the CPG-10/CLE-1A protein contains three functional domains, including an endostatin domain in the C-terminal end. Interestingly, CPG-10/CLE-1A protein accumulates at high levels in the nematode nervous system and the endostatin domain has been demonstrated to specifically regulate cell migration and axon guidance (23) . Three core proteins were predicted to contain transmembrane domains, including CPG-11/COLlagen, CPG-15/LiPocalin-related protein, and CPG-16/FiBrilliN homolog. Vertebrates express multiple membrane CSPGs (e.g. CD44, CSPG5) (1), but none of the nematode membrane-spanning CPGs showed homology to any vertebrate counterparts. This discrepancy in structure-function relationships may indicate that membrane spanning CPGs/CSPGs have evolved separately in different organisms.
Generally, the phylogenetic analysis based on the amino acid sequences revealed no extensive homologies between the majorities of the core proteins, suggesting that they have evolved separately throughout evolution ( Fig. 3C ). However, one pair of core protein homologs was identified in the nematode, indicating that co-evolution occurs in certain cases. Thus, in agreement with a previous report, we found similarity between CPG-5 and CPG-6 (3) (Fig. 3C ). Furthermore, analysis of core protein molecular mass revealed a wide range of sizes, spanning from 7.1 (CPG-9) to 568 kDa (CPG 14/high incidence of males, isoform b), where 5 of the 24 core proteins displayed a molecular mass of Ͼ100 kDa. Three of the identified core proteins have previously been shown to display sequence similarity to vertebrate proteins (20, 21, 23) . CPG-17/Papilin is a homolog to human Papilin and inhibition of Papilin synthesis in the nematode results in defective cell arrangement and embryonic death (20) . The CPG-16/ FiBrilliN homolog shows sequence similarity with vertebrate fibrillins, which are essential for formation of elastic fibers in connective tissue. Mutations of fibrillin genes in humans are linked to connective tissue diseases, including Marfan syndrome, characterized by abnormal fibrous connective tissue, which affects the ocular, cardiovascular, and skeletal systems (21) . Moreover, the CPG-10/CLE-1A protein is the homolog to human collagen ␣-1 XV/XVIII and is involved in cell migration and axon guidance (23) . Taken together, these data suggest that the structural and functional diversity of CPGs in C. elegans are much greater than previously appreciated.
Definition of the chondroitin attachment motif in C. elegans
In vertebrates, certain features of the core protein seem to influence whether a certain serine residue is modified with a xylose to initiate GAG biosynthesis. The glycosylated serine residue is typically flanked by a glycine residue in the C-terminal direction and is also located close to a number of acidic residues in close proximity (10) . To investigate whether the chondroitin glycosylation motifs in C. elegans conform to these criteria, we prepared a frequency plot of the neighboring amino acids in the region from Ϫ9 to ϩ9 of the glycosylated serine residue (Fig. 4A) . As a comparison, a frequency plot of the CS attachment motifs in humans was prepared from data of our previously verified CS sites in human tissue fluids ( Fig. 4B) (1, 2) (Table S3 ). In both species, the glycosylated serine residue is characteristically flanked by a glycine residue in the C-terminal direction and both chondroitin and chondroitin sulfate-modified sequences display a high abundance of acidic residues in both C-and N-terminal directions. However, the C. elegans sequence is relatively more conserved in the immediate N-terminal direction, where a large proportion of the sequences (80%) conform to "Glu" or "Asp" at the Ϫ2 position and "Gly" or "Ala" at the Ϫ1 position. To investigate whether additional CPGs may be present in the nematode proteome, the Scan-Prosite bioinformatic tool was used to search the Swiss-Prot database using the ([ED] Ϫ [GA] Ϫ S Ϫ G) motif. The retrieved hits were filtered for the presence of a signal peptide and sequences without a signal peptide were excluded. These criteria retrieved the 11 identified CPGs that were annotated in the Swiss-Prot database (CPG-1 to CPG-9, CPG-12, and CPG-17) but also identified additionally 19 potential CPGs in this database (Table S4 ). In conclusion, although our MS analysis enabled the identification of a significant number of novel CPGs, this suggested that additional CPGs are yet to be found in C. elegans.
Mapping the chondroitin glycoproteome in C. elegans
Our specific and general findings are summarized in Fig. 5 , showing a map of the chondroitin glycoproteome in C. elegans. The presence of functional domain(s), the chondroitin attachment site(s), and the attachment motif(s) for each core protein is schematically illustrated. The CPGs identified in the present study are CPGs 10 to 24. Interestingly, inspection of the domain organization for each core protein reveals that all chondroitin attachment sites are located in low complexity or in disordered domains. The chondroitin glycosylation sites were found throughout the entire proteins, with no apparent enrichment toward the N-or C-terminal end. Furthermore, some attachment sites were found distant from a functional domain (e.g. CPG-16), whereas others were found in close proximity to a functional domain (e.g. CPG-13). Moreover, while reviewing a set of human CSPGs it was evident that the CS attachment sites in human core proteins are also located in low complexity or in disordered domains (Fig. 6 ). The CSPGs reviewed belong to the family of human prohormones that, similar to the C. elegans CPGs, contain functional domains such as C-type lectin domain, collagen domain, as well as core proteins without any functional domains.
Taken together, these data showed that nematode chondroitin and human chondroitin sulfate glycosylations are restricted to low complexity or disordered domains, suggesting that this glycosylation pattern may be a general feature of chondroitin glycosylation across species.
Discussion
C. elegans has a compact genome that is well-suited for genetic manipulations and for determining the influence of each gene product in development and physiology (24) . Although there has been significant progress to support our understanding of how different genes and proteins influence various biological processes, information on protein glycosylations in the nematode remains relatively scarce (25) . We report here the identification of 15 novel CPGs in the nematode C. elegans. The bioinformatics workflow for glycopeptide spectral analysis provided direct annotation of ϳ5,000 chondroitin-modified glycopeptide spectra and enabled the identification of these novel CPGs. One earlier proteomic based strategy for studies of GAG-attachment sites in C. elegans resulted in the identification of 9 core proteins (CPG-1 to CPG-9) (3). In that study, enriched GAG-peptides were treated with sodium hydroxide, causing ␤-elimination of the sugar chains and resulting in reactive serine residues that were subsequently tagged with dithiothreitol. The tagged serine residues allowed site-specific characterization with MS/MS. However, as ␤-elimination releases both GAGs and mucin-type O-glycans this strategy only provides tentative GAG assignments and thus requires additional experiments to confirm the GAG-nature of the glycosylation. In contrast to the complete release of the glycan by ␤-elimination, enzymatic treatment with, e.g. chondroitinase ABC, as used here, reduces the length of the chondroitin chain and generates free disaccharides and a residual hexasacharide structure still attached to the peptide (1). Higher energy collision dissociation fragmentation of the resulting glycopeptides generates abundant peptide fragmentation that gives the identity of the peptide sequences. The fragmentation also generates glycan-specific fragment ions, including diagnostic oxonium ions that give the identity of the glycan, as well as the isomeric glycan identity (GalNAc versus GlcNAc) (2, 26 -28) . Here, all 24 core proteins were confirmed to be of chondroitin-type based on identification of specific glycopeptide ions (i.e. peptide ϩ xylose) and specific GalNAc oxonium ion patterns in the low m/z range. The abundance of each CPG was assessed using spectral counts and indicated that several of the novel core proteins constitute less than 0.2% of the total CPGs. By excluding dominating CPGs from the sample preparation, e.g. by immune depletion with antibodies targeting abundant CPGs, it may be possible to identify additional low abundance CPGs. Nevertheless, the present protocol enabled the identification of several novel CPGs and a similar strategy may thus be successful in identifying proteoglycans also in other important model organisms, such as Drosophila melanogaster and Danio rerio.
We decided to designate the novel core proteins CPG-10 to -24. Regardless of whether our assigned CPG-name will serve as a synonym to already established names or as the future submitted name, this nomenclature reflects the characteristics of chondroitin carrying core proteins and provides a consistent framework for investigating CPGs in C. elegans. It has long been viewed that nematodes, such as C. elegans, only produce chondroitin without any sulfation. It was very recently shown, however, that chondroitin is indeed sulfated in C. elegans although to a small extent (13, 14) . However, the positions of the sulfates on the polysaccharide chains as well as which core protein(s) that are modified are still unknown. As earlier studies in zebrafish and mammalian cells indicate that reduced HS sulfation result in increased CS sulfation, this study was conducted with a C. elegans mutant strain lacking two HS sulfotransferases (hst-6 and hst-2 double mutant) to increase our chances to detect potential sulfate modifications near the linkage region (13) . We did not, however, in this study, detect any sulfate modifications on the residual hexasaccharide structure, although the method is apt to detect such modifications (1) . This suggests that the sulfate groups are either localized toward the non-reducing end of the polysaccharide or that the CSPGs are below our present level of detection. Future studies with sitespecific analysis of longer saccharides and with improved detection levels, may determine which CPGs are indeed modi- Figure 6 . Map of chondroitin sulfate attachment sites in human prohormones. The scheme illustrates human CSPGs that belong to the subclass of prohormones, which were identified in a previous study (1) . The presence of functional domain(s), the chondroitin attachment site(s) for each core protein are shown. Inspection of the domain organization for each core protein reveals that all chondroitin sulfate attachment sites are located in low complexity or disordered domains. The key for various functional domains is provided in the box.
fied with sulfates. Furthermore, one may speculate on whether the reduced HS sulfation of the mutant strain used in our experiments may provoke the synthesis of novel chondroitin proteoglycans. If so, some of the core proteins reported here may be the result of such an effect and may not be identified in wild-type strains. Although such an effect cannot be excluded, we believe this is unlikely as HS comprise only a small amount (Ͻ0.4%) of the total GAGs in C. elegans (13) , indicating that any alteration in HS sulfation will probably have little or no effect on chondroitin core protein synthesis. Moreover, to our knowledge no alteration in chondroitin/CS core protein biosynthesis has been reported in relationship to decreased HS sulfation in any model system investigated so far.
CPG-1 and CPG-2 are two essential components of the inner eggshell layer in C. elegans. The proteoglycans contain chitinbinding domains and interact with chitin during mitosis, forming a rigid matrix that provides protection to the growing embryo (18) . Vertebrates produce several CSPGs that are important structural components of cartilage and other connective tissues, but also contribute to the regulation of more specialized processes, such as neurogenesis, growth factor signaling, and angiogenesis (29, 30). We show here that the nematode proteoglycans contain several functional domains, including Kunitz domains and endostatin domains, associated with protease inhibition and axonal migration, respectively (22, 23) . Taken together, this suggests that CPGs in C. elegans not only serve as structural components in extracellular matrices but are also involved in more specialized functions. These findings indicate that specialized proteoglycan-mediated functions evolved early in metazoan evolution.
With the introduction of site-specific glycoproteomic analysis for CSPGs in human tissue fluids, the number of human CSPGs is increasing and now comprises more than 50 core proteins (1, 2) . Using our defined C. elegans sequence motif for chondroitin attachment ([ED] Ϫ [GA] Ϫ S Ϫ G) in a Swiss-Prot database search, we identified 19 additional proteins suggesting that the number of identified core proteins in C. elegans will probably increase further. Targeted glycoproteomics with the use of immunoprecipitation or selective enrichment of certain tissues may be used to provide experimental evidence for additional CPGs.
Bioinformatics analysis of the core protein domain organization revealed that all chondroitin attachment sites were located in low complexity or disordered domains. Similar analysis demonstrated the same characteristics for CS-attachment sites on human CSPG prohormones, suggesting that this may be a general feature of chondroitin and chondroitin sulfate glycosylation in metazoan organisms. This is of interest because other Golgi-synthesized glycans, such as the O-GalNAc type glycosylation, also often reside in disordered domains (31) . Interestingly, site-specific GalNAc-type O-glycosylation in disordered domains has been shown to be an important co-regulator of proprotein and metalloproteases processing (32, 33) . Although the function of GAG chains are typically associated with the selective interaction to various ligands, one may speculate that the GAG function also depend on the position of the polysaccharide on the polypeptide backbone. We recently suggested that proteolytic processing of perlecan, an extracellular matrix proteoglycan, is influenced by a GAG site in a disordered domain, which is located in close proximity to a metalloproteinase cleavage position (26) . It is thus possible that our observed chondroitin sites, also in disordered domains, influence the core protein processing in C. elegans in a similar manner. The functional aspects of such potential processing will be the objects of future studies.
Our finding that the chondroitin attachment motif in C. elegans showed distinctive differences compared with the human motif suggests differences in xylosyltransferase specificities between the two species. Two vertebrate xylosyltransfereases (I and II) have been identified, compared with only one in C. elegans (34) . The chondroitin attachment site motif in C. elegans proteoglycans is more conserved in close proximity to the serine residue compared with the human CSPG motif. One may speculate that the less stringent motif in humans reflects the activity of the two different xylosyltransferases, each with slightly different substrate specificity. Most of the enzymes required for chondroitin/CS biosynthesis are relatively conserved between C. elegans and vertebrates (13) . However, the majority of the identified core proteins in C. elegans do not show any resemblance to vertebrate proteins, apart from three of the core proteins (CPG-10/CLE-1A protein, CPG-16/ FiBrilliN homolog, CPG-17/Papilin), which have sequence similarities to vertebrate counterparts (20 -23) . Interestingly, CPG-10/CLE-1A protein shows similarity to the human collagen ␣-1 (XV) chain and we recently found that this protein is substituted with CS in human tissue fluids (1) . The CPG-10/ CLE-1A protein domain is to our knowledge the first example of an invertebrate chondroitin core protein that shows homology to a vertebrate counterpart. Comparison of the human and nematode core proteins reveal a high degree of similarity both regarding functional domains and their order of domain organization ( Fig. 7) . Taken together, these findings suggest that several aspects regarding chondroitin and chondroitin sulfate proteoglycan biosynthesis are conserved throughout evolution. This includes the glycosylation motif, the mechanisms for saccharide polymerization, and in some cases also the core protein. However, because the majority of core proteins are not conserved between the species, our findings point to both converging and diverging selective forces during the proteoglycan evolution.
Experimental procedures
C. elegans maintenance and growth for CPG analysis
The strains OH4128 (juIs76; evIs82b), OH1421 (hst-6(ok273)), and OH1876 (hst-2(ok595)) as well as Escherichia coli strains OP50 and HB101 were obtained from the Caenorhabditis Genetics Center (CGC). The strain AHS50 (evls82b; hst-6(ok273) hst-2(ok595)) (referred to as hst-6 hst-2) was generated from these by standard genetic methods and maintained on nematode growth medium agar at 20°C on E. coli OP50 until the start of the experiment. To get larger amounts of material for CPG analysis, the animals were transferred to 10 -20 rich nematode growth medium agar plates seeded with E. coli HB101. The worms were collected when almost all E. coli had been consumed and the material was washed in M9 buffer (22 mM KH 2 PO 4 , 44 mM Na 2 HPO 4 , 86 mM NaCl, pH 7.2). The worms were thereafter pelleted by centrifugation and then washed again in M9 buffer until no traces of bacteria were visible. The pellets were thereafter washed repeatedly with water, and then stored at Ϫ20°C.
Enrichment of chondroitin glycopeptides
Chondroitin glycopeptides were purified from the worm extract using a combination of trypsin digestion and anion exchange chromatography, modified from a previously described protocol (1) . In brief, worm pellets were dissolved in 1% CHAPS buffer, and boiled for 10 min at 96°C. The material was solubilized by consecutive passages through hypodermic needles with decreasing diameters (18 to 26 gauge). Samples were adjusted to 2 mM MgCl 2 and incubated with 38 l of Benzonase (Novagen) at 37°C for 3 h. Benzonase was inactivated for 5 min at 96°C and the samples were then centrifuged for 10 min at 13,000 ϫ g. One milligram of protein was reduced and alkylated in 1 ml of 50 mM NH 4 HCO 3 , and thereafter trypsinized overnight (37°C) with 20 g of trypsin (Promega). The digested samples were applied onto DEAE (GE Healthcare) columns (600 l in 10 ml of Poly-Prep Chromatography columns (Bio-Rad) and incubated for 1 h at 4°C. The columns were washed with three different low-salt washing solutions at 4°C to remove loosely bound material: 15 min with 4 ml of 50 mM Tris-HCl, 100 mM NaCl, pH 8.0; 15 min with 4 ml of 50 mM NaAc, 100 mM NaCl, pH 4.0; 30 min with 100 mM NaCl. The GAG-peptides were then eluted stepwise with three buffers of increasing NaCl concentrations at 4°C; 1) 20 min with 6 ml of 400 mM NaCl; 2) 20 min with 6 ml of 800 mM NaCl; and 3) 25 min with 5 ml of 1500 mM NaCl. The three fractions collected were concentrated in a SpeedVac and desalted using PD10 columns (GE Healthcare). All fractions were lyophilized and the salt-free samples were then individually treated with 1 milliunits of chondroitinase ABC (C3667, Sigma) for 3 h at 37°C. Prior to MS analysis, the samples were desalted using a C18 spin column (8 mg resin) according to the manufacturer's protocol (Thermo Scientific, Inc., Waltham, MA).
LC-MS/MS analysis and spectral filtering
The samples were analyzed on a Q Exactive mass spectrometer coupled to an Easy-nLC 1000 system (Thermo Fisher Scientific, Inc., Waltham, MA), as previously described (1) . Briefly, glycopeptides (10-l injection volume) were separated using an analytical column with Reprosil-Pur C18-AQ particles (Dr. Maisch GmbH, Ammerbuch, Germany). The following gradient was run at 150 nl/min; 7-37% B-solvent (acetonitrile in 0.2% formic acid) over 60 min, 37-80% B-solvent over 5 min, with a final hold at 80% B-solvent for 10 min. The A-solvent was 0.2% formic acid. Spectra were recorded in positive ion mode and MS scans were performed at 70,000 resolution with a mass range of m/z 600 -2000. The MS/MS analysis was performed in a data-dependent mode, with the top six most abundant charged precursor ions in each MS scan selected for fragmentation (MS2) by stepped higher energy collision dissociation with normalized collision energy values of 20, 25, and 30. The MS2 scans were performed at a resolution of 35,000 (at m/z 200). A total of six MS2 data files were used for the bioinformatics analysis. The files were derived from the three different fractions (400 mM NaCl, 800 mM NaCl, and 1500 mM NaCl) of two independent sample preparations. The files were comprised of ϳ10,000 MS/MS scans and the raw data files were filtered by SweetNET for the presence of the diagnostic oxonium ion at m/z 362.10 (⌬HexAGalNAc). The GScore (Glycan score) and GGRatio (GlcNAc/GalNAc ratio) parameters were calculated based on the oxonium ion intensities of all selected MS/MS fragmentation scans, as described (2) . The parameters enable identification of falsepositive glycopeptide scans (through GScore) and to determine the isomeric identity of the HexNAc (GlcNAc/ GalNAc) oxonium ions (through GGRatio).
Molecular networking
Molecular networks were generated using the workflow at the Global Natural Products Social Molecular Networking Server (GNPS) found at http://gnps.ucsd.edu/ (38) . 3 The data were filtered by removing all MS2 peaks within Ϯ17 Da of the precursor m/z. MS2 spectra were window filtered by choosing only the top six peaks in the Ϯ50 Da window throughout the spectrum. The data were then clustered with MS-Cluster with a parent mass tolerance of 2.0 Da and a MS/MS fragment ion tolerance of 0.5 Da to create consensus spectra. A network was then created where edges were filtered to have a cosine score above 0.7 and more than six matched peaks. Edges between two nodes were kept in the network if and only if each of the nodes appeared in each other's respective top 10 most similar nodes. The networks were then iteratively propagated and annotated by Sweet-NET based on known mass shifts and Mascot searches, respectively.
Mascot database search and SweetNET data analysis
Initial database searches were performed against C. elegans in the UniProtKB/Swiss-Prot database (3,871 sequences; 01/03/16) and NCBI (31, 266 sequences; 07/05/16) through Mascot Distiller (version 2.3.2.0, Matrix Science, London, U.K) using an in-house Mascot Server (version 2.3.02), as previously reported for CS glycopeptides (1). The Mascot database search results were used for the initial annotation of the spectral networks regarding peptide sequence and glycan composition. The SweetNET data validation module is a ranking system that outputs the "reliability score" for the suggested Mascot annotated and network propagated hits. The validation score (Vscore) is comprised of two components, i.e. specific oxonium ions (Supplemental Table 1 ) and glycopeptide fragment ions. This Vscore was calculated for each MS2 scan and for each network node as described previously (2) .
WebLogo, Pfam database, and phylogenetic analysis
Statistical analysis of aligned chondroitin amino acid attachment sites of C. elegans and CS attachment sites in humans were performed using Weblogo (35) . The human CSPG core proteins were taken from data previously reported (1, 2) and are summarized in Table S3 . For the Pfam database analysis, each core protein sequence was search against the Pfam library (Pfam 30.0; Jun 2016, 16306 families) (www.pfam.xfam.org) 3 (36) . The phylogenetic analysis was made based on the core proteins containing functional domains and was made using the web service Phylogeny.fr (www.phylogeny.fr) 3 (37) .
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